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Abstract: Soil surface is directly affected by heavy traffic of machinery during harvesting operations.
Machine traffic often causes damage to forest soil which is visible on the surface (ruts) and invisible
changes in, for example, bulk density, penetration resistance, etc. Close-range photogrammetry
is the state-of-the-art method used for recording and evaluation of visible changes. This study
aims to analyze soil surface changes caused by traffic of three types of wheeled skidders without
a load on Cambisol soil in Central Slovakia. We use the Structure-from-Motion (SfM) close-range
photogrammetry to record and evaluate depths of ruts and their volumes after 40 passes of individual
skidders. We compared Root Mean Square Errors (RMSEs) of dense point clouds created from various
numbers of images taken for individual plots. Rut volume changes calculated by the SfM method
and from the manual measurements were compared for one skidder. The final values of RMSE did
not exceed 10 mm except for the plot with the lowest number of photos. The final rut depths varied
between 0.026 and 0.050 m, and their final volume fluctuated from 0.021 to 0.089 m3. The skidder
type and the terrain slope had significant impacts on magnitudes of soil changes. The results of the
manual and SfM methods assessing soil changes were correlated. Based on the presented results
we can conclude that the SfM method can be applied to detect soil surface changes after traffic of
forestry machinery.

Keywords: structure from motion; photogrammetry; soil disturbance; ruts; forest skidder

1. Introduction

Movement of heavy logging machinery on the surface of forest soil causes structural
changes [1], surface deformation, and erosion [2,3]. The exact modeling and quantification
of the erosion extent requires precise surface topography data with sufficient resolution
and accuracy to record even the smallest changes in the soil surface. There are a number
of contact or contactless methods that can retrieve changes in surface topography with
various effectivity and accuracy.

Classical contact methods can be considered as fast and easy to perform, relatively
cheap, but not sufficiently precise if the changes in the surface are at a millimeter scale and
occur at a low rate of points recorded per time unit. A typical approach is to use a steel
tape or a measuring rod for measuring vertical distances [4-6] with 0.005 m accuracy of the
vertical distance measurement. Another possibility is to use a laser rangefinder [7] with an
accuracy of the vertical distance measurement equal to 0.003 m. However, these methods
do not measure the whole surface of a sample plot, data are usually collected only for a
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relatively small number of transects and extrapolated to the whole surface. Hence, this task
is well suited for the application of modern geospatial technologies [8].

The development and use of contactless, or remotely sensed (RS) data in forestry is mo-
tivated by efforts to increase cost efficiency, precision, and timeliness of forest information
with an accuracy below 1 mm [9].

Differential Global Positioning Systems (dGPS) and Total Stations (TS) have enabled
3D positioning of observations with a millimeter-scale accuracy [10]. More recently, Air-
borne Laser Scanning (ALS) and Terrestrial Laser Scanning (TLS) have increased the spatial
coverage and density of available datasets through non-selective sampling of millions or
even billions of survey points to produce 3D point clouds [11]. Yet, a more widespread
usage of ALS and TLS is limited by the capital outlay and expertise required to acquire and
operate these complex instruments. In the past few years, Structure from Motion (SfM)
has been demonstrated to have the potential to democratize 3D topographic surveys by
offering a rapid 3D point cloud acquisition for minimal expenses. Actually, the aerial SfM
in forestry is aimed particularly at forest stand monitoring (forest inventory, forest health
assessment) [12].

A broad comparison of StM-MVS (Multi-View Stereo) with existing survey techniques
is summarized by Smith et al. [13]. They consider hand-held ground-based solutions (close
range photogrammetry) as the cheapest option (only a camera and a georeferencing method
is needed). They can provide an excellent pixel resolution and image quality and are easy to
implement. The key disadvantage of hand-held solutions is their limitation to the plot-scale
of about 10 m? [13]. The quantitative estimation of changes in terrain surfaces caused by
water erosion from areas smaller than 1 m? using SfM [14] can be considered as a typical
case. However, in another study [15] this method was used for measuring the rut depth
after forwarder passes at a sample plot with an area of about 210 m2. This method requires
expert knowledge as well as special software and image analyses, taking up to 120 min,
depending on the number of images processed per plot [9].

Since photogrammetry is a passive technique, its results are highly influenced by the
input image data [16]. SEM photogrammetry, employing an automated process to identify
and match features by computer vision, is fundamentally dependent on image quality.
Sensors, settings, and acquisition designs should be considered with great care [12]. In
every circumstance, camera settings need to be considered to ensure optimal image data is
acquired given a set of constraints, namely (i) those from the environment (light conditions),
(ii) the platform (UAV, pole, tripod, or handheld), and (iii) the camera and lens combination
(the exposure triangle, focal length, sensor size) [12].

The aims of this manuscript are to (i) quantitatively estimate changes in terrain surfaces
after passes of wheeled tractors using the SfM, (ii) compare RMSE values obtained for
a different number of recorded images in comparison to the suggested minimum, (iii)
compare changes in rut depths with regard to selected factors, (iv) compare changes in
soil volume after individual passes of tractors with the initial state before passes, and (v)
compare changes in soil volume detected by SfM and manual methods for one of the plots.

2. Materials and Methods
2.1. Study Area

The study was performed in the University Forest Enterprise (UFE) of the Technical
University in Zvolen, in central Slovakia as a part of a wider study. The UFE is a specialized
forest enterprise with the main goal of supporting the university’s educational process. The
total area of the UFE is 9726 ha and the total annual cut was 29,961 m3 in 2021 (6051 m3
coniferous, 23,910 m3 broadleaved species). The mean annual precipitation is 950 mm,
70 mm in July, and 65 mm in January. Measurements were conducted in the forest stand
No. 554 at a mean elevation of 700 m above sea level (48°38/35.5” N 19°02'12.5” E) (Table 1),
in July and August 2020, and July 2021.
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Table 1. Basic data about the forest stand no. 544 extracted from the forest management plan and soil
parameters [17].

Stand Age (Years) 85

Stand area (ha) 5.84
Aspect West
Average slope (%) 20
Management system Shelterwood system
Soil type Cambisol
Soil texture Silt Loam
Loam content (%) 4

Silt content (%) 69

Sand content (%) 27
Average share of coarse rock fragments < 4 mm (%) 2.7
Average share of coarse rock fragments > 4 mm (%) 15.7

2.2. Machines

Three tractors were used in our experiment. The first one was a forest skidder HSM
805 HD with a double drum winch and a hydraulic crane (HSM), the second was the LKT
81 ITL forest skidder (LKT), also equipped with a double drum winch and a hydraulic
crane. The third one was a universal agricultural tractor (UAT) Zetor 7245 Horal system,
which was not equipped with a winch or a crane. The basic parameters of the machinery
are presented in Table 2.

Table 2. Basic parameters of the used machines [17].

Machine HSM LKT UAT
Winch traction force (kN) 2 x 100 2 x 80 -
Hydpraulic crane reach (m) 7.2 7.2 -
Machine width (m) 253 250 225
Front tires (inch) 23.1-26 21.3-30 9.5/9-24
Rear tires (inch) 23.1-26 21.3-30 18.4/15-28
Front tire inflation pressure (MPa) 2.5 2.0 21
Rear tire inflation pressure (MPa) 2.5 24 1.5
Front axle weight (kg) 4710 4230 1510
Rear axle weight (kg) 7590 6370 2060
Total mass (kg) 12,300 10,600 3570

All the machines were capable of 4-wheeled driving, both the HSM and the LKT used
it permanently, but the UAT passed the plot with only rear-wheel driving used. None of
the machines used chains on the wheels.

2.3. Experimental Design

The study was conducted on three sample plots, each of them was passed by a single
machine 40 times in total. Machines passed over the soil surface without loads to ensure
their equal masses throughout the whole study and to avoid the damage of ground control
points (GCP). Data were collected from each plot before the passes and after passes no.
1, 5,10, 15, 20, 25, 30, 35, and 40. In addition, the passes no. 2, 3, and 4 were recorded
for the UAT plot. Individual passes of the machines were performed in both directions,
while the drive back and forth was considered as 2 individual passes. Odd passes were
performed forward and uphill, and even passes were performed backward and downbhill.
The plots were placed on undisturbed forest soil to avoid the effect of previous traffic. The
dimensions of plots were approximately 1.8 x 3 m (Figure 1a).
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(a) (b)

Figure 1. Surface of one sample plot with marked ground control points (yellow arrows) before the

machine passes (a) and after 40 passes with the position of marked measuring rods (b) for manual
measurement of the rut depths.

The widths of the plots were adjusted to the widths of the measured machines with
outer margins of approx. 30 cm on both sides of the plots. The length of each plot was
approximately 2 m. Exact dimensions of the plots and their slopes (Table 3) were taken
from digital elevation models (DEM) derived from the measurements. The width of the
plot was not an important parameter, because machine passes changed the soil surface
only in ruts, while the remaining part of the plot was unaffected. To allow the comparisons
between the plots (machines), their lengths were set to 1.8 m. Data on soil moisture and bulk
density at individual plots before the passes were collected using Eijkelkamp soil and water
sampling cylinders with a 100 cm® volume (length 53 mm, inner diameter 50 mm). In the
laboratory, the samples were weighed with calibrated scales (accuracy 0.1 g). Subsequently,
the samples were dried at 105 °C for 24 h to determine the bulk density. Moisture content
(%) was determined by the gravimetric method.

Table 3. Basic data about the sample plots.

Plot HSM LKT UAT
Length (m) 1.8 1.8 1.8
Width (m) 3.09 3.03 2.69
Area (m?) 5.56 5.45 484
Longitudinal slope (%) 10 7 4
Transversal slope (%) 1 10 17
Soil moisture (%) 344 29.9 23.3
Soil bulk density (g.cm~3) 0.75 0.81 0.93

Individual sample plots were stabilized in terrain with markers (wooden pegs of
3 x 3 x 30 cm). We used five markers per plot, out of which four were placed in the
corners and one in the middle of the plot not to damage them or shift their positions during
machine passages (Figure 1a). The markers were used also as GCPs for georeferencing
of the point clouds generated during the SfM process. The X, Y, and Z coordinates for
individual GCPs were measured in the local coordinate system with the Topcon GPT
3002 LN universal total station [18] after the 40th passage. Measurement was realized
directly by the polar coordinates measured with the total station from 1 position and
orientation. The coordinates for initial points were set as follows: x = 1000 m, y = 1000 m,
and z =100 m. A 3D reconstruction of soil surface on individual plots before and after
individual passes of forest machinery was used to determine respective height and volume
changes (bulges/ruts). All sample plots were measured using the SfM method and the
UAT plot was also measured manually to compare the methods.
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2.4. 5fM Data Collection

The SfM process creates 3D models of the terrain from sets of images taken in the field
from various points, which are then combined and georeferenced. A mirrorless full-frame
camera Canon EOS RP (Canon INC. Tokyo, Japan) equipped with a 35.9 x 24 mm CMOS
sensor and a Canon lens (f = 50 mm) was used for taking the images of the HSM plot.
For the LKT and UAT plots, a compact ultrazoom Panasonic FZ 1000 (Matsushita Electric
Industrial Co., Ltd., Osaka, Japan) camera was used. The camera was equipped with an
MOS sensor of 13.8 x 8.8 mm and f = 9.1 mm focal length was used during photographing.
Aperture and shutter values of both cameras were manually pre-set. The cameras were
mounted on a 1-m-long rod, held in hands, and the sensor was kept parallel to the terrain.
The natural way of handling the rod with the camera was at a height of 1.3 m above the
terrain level. The image acquisition was performed using the self-timer mode with the
pre-set number of images for individual plots and the shooting interval of 3 s. This setting
allowed the operator to view and control the image quality and sufficient image overlap.
The spatial distribution pattern of the images is presented in Figure 2.

e gm gy OO

b T
e bl e

Figure 2. Placement pattern of the camera during photographic scanning of a single plot.

A set of sharp images which have a sufficient overlap is essential for obtaining accurate
DEMs in the SfM process. Therefore, it is necessary to calculate the necessary minimum
number of images for a recorded area. The developers of the software used for processing
of image sets suggest 60% side and 80% forward overlap of the images [19]. The calculation
of the smallest required number of images was based on the dimensions of the camera
sensor, the focal length of the lenses, the height of the cameras above the terrain, and the
overlap rate of the images [20]. The spacings between the neighboring images in both (x, y)
directions were calculated according to the following formula:

(100 — 0y)x

M= "5

)

where:
Ay—spacing (step) of images in x direction (cm);
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oxr—suggested overlap of images in x direction (%);

x—calculated field of view in x direction (cm).

The same calculation was used for y values. The necessary numbers of images for
individual plots in both directions were calculated by dividing the plot dimensions with
calculated steps. Plot dimensions were increased by 20 cm to cover a 10 cm “safety
margin” around the plots. The total numbers of images necessary for individual plots were
calculated by multiplying the calculated number of images in x direction with their number
in y direction.

The numbers of recommended images and those taken during measurements are
presented in Table 4. In the case of HSM, or Canon camera, only 69% of the recommended
number were taken. In addition, fusion of images from the 35th pass and deriving the point
cloud was not successful, therefore, the respective value is missing. These data were used
to demonstrate the possibility to use a smaller number of images in the SfM process than
the number recommended in the software manual. In the case of other plots, the number
of taken images was twice (LKT) or two and a half times greater (UAT) than the number
recommended in the manual (Table 4).

Table 4. Numbers of images suggested by the Agisoft manual and taken per plot.

Camera/Plot

Minimum Suggested Number of Images Actual Number of Taken Images %

Canon/HSM
Panasonic/LKT
Panasonic/UAT

144 99 69
40 80 200
40 98 245

2.5. SfM Processing of Images

The images recorded for individual plots were processed in two basic steps: (i) im-
port, aligning of the images, optimization of image alignment, georeferencing, creation of
point clouds and their export; (ii) filtering the off-ground points, rasterization, creation,
and export of a digital surface model (DSM). The first step was performed in the Agisoft
Metashape Professional (Agisoft) software [19]. The work procedure of creating dense
point clouds in Agisoft software and settings of individual steps in the process are thor-
oughly described by Yamafune [16] and basic settings of the processes are presented in
Table 5. The images were aligned automatically (Align Photos module). The alignment of
the photos was optimized using the markers (GCP). The markers on individual images
were manually adjusted by moving them to their correct positions. The local coordinates
obtained from terrain measurements with the Topcon total station were set for individual
GCPs and aligned photos (sparse point clouds) were georeferenced. The Root Mean Square
Errors (RMSEs) for individual plots and all machine passes were recorded and statistically
analyzed. After georeferencing of sparse point clouds, dense point clouds were created
(Build Dense Cloud module) and exported to the CloudCompare v. 2 open-source free-
ware [21]. The Cloth Simulation Filter (CSF) and rasterization module were used to extract
ground points from individual point clouds. Finished rasters were exported to QGIS v 3.18
open source freeware [22].

Table 5. Settings of the processes in the Agisoft software.

Align Photos

Accuracy

Generic
preselection

Reference Reset current Key point Tie point Apply masks ~ Adaptive camera
preselection alignment limit limit to model fitting

High

Vv

Sequential Vv 40,000 4000 None Vv

Build dense cloud

Quality
High

Depth filtering Calculate point colors
Mild Vv
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2.6. Data Processing and Sampling in QGIS

In the QGIS software, the rectangular shapefiles were created for individual plots, one
shapefile for HSM, one for LKT and one for UAT. These were used in the software as a
mask to clip all the rasters (machine passes) from the same plot to the same size (Figure 3).
The lines (shapefiles) were placed through both tracks (upper and lower) and 20 random
points were selected at each line (Figure 3). At each plot, the rut with a higher z coordinate
value (height above sea level) was assigned as the upper one, and the rut with a lower
z value was assessed as the lower one. The point sampling tool was used for collecting
heights of selected points from the rasters created for individual passes. The depth of ruts
after an individual machine pass was calculated according to the following formula:

Aj = hy — h; )

where:
A;—height difference, (depth of the rut) after i-th pass (m);
hop—height before the machine passes (m);
hi—height after i-th pass (m).
Obtained data were statistically analyzed and evaluated.

Figure 3. Sampling process in the QGIS software. Red rectangle is the clipping mask; black line is the
sample line (basis) for the selection of random points (white dots in the picture).

2.7. Calculation of Volume Change for Whole Plots

The volume changes after individual passes of the machinery were calculated from
individual rasters in the QGIS environment using the raster surface volume tool. The vol-
ume for each raster layer (individual pass) was calculated using the determined elevation
(100.23 m for HSM, 98.07 m for LKT, and 99.57 m for UAT) and raster surface, i.e., the
volume between the determined elevation level and raster surface was calculated. The ele-
vations for individual plots were estimated as the lowest z coordinates of the rasters—1 cm
to avoid cutting off any part of the rasters. The volume change was calculated as a differ-
ence between the raster volume before passes (0 pass) and volumes after individual passes.
Final values were statistically evaluated and compared.

2.8. Manual Measurements

Manual measurements of soil volume reduction caused by tractor passes were per-
formed only for UAT. Measurements were performed with the measuring rod placed
horizontally across ruts in the upper and bottom parts of the sample plots defined by
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corner pegs (Figure 1b). Vertical distances from the measuring rod to the soil surface (i.e.,
depths) were measured with a metal measuring tape every 20 cm along the rod (16 mea-
surements) before the passes and after each pass. The area between the measuring rod and
the soil surface was calculated as a sum of areas of individual trapesoids. The volumes
were calculated using the mean section method introduced for the calculation of stream
cross-sectional areas for hydrological measurements [23] with equal distances between
depth measurements of 20 cm. At each plot, two profiles were measured, from which the
average area was calculated. Individual cross-sectional areas were multiplied with the
plot length (1.8 m) to obtain the volume below the measuring plane. Volumes of soil loss
after individual passes were obtained as a difference between the volume after the pass
and before passes. Final volume differences derived from manual measurements were
compared with the values obtained with the SfM method and statistically evaluated. All
statistical analyses (Shapiro Wilk test for normality of data distribution, ANOVA, Tukey
HSD test, regression and correlation analysis, {-test) were performed in the Statistica soft-
ware [24] and all pictures were processed in the Gimp 2.10.30 The Free and Open Source
Image Editor [25].

3. Results
3.1. Number of Images Taken vs. RMSE Level

At the plots photographed by the Panasonic camera (UAT and LKT) we observed
smaller RMSE than at the plot photographed by the Canon camera (HSM), due to the
lower number of the images taken with the latter one than the recommended amount. The
calculated RMSEs (Figure 4) were comparable (below 10 mm) for both plots where the
Panasonic was used except for the y error at the LKT plot. The errors at the HSM plot
were substantially greater along all axes. The greatest error at the HSM plot was recorded
along the Y axis. The lowest error was found for vertical values (Z axis). The difference
between the double and 2.5-times greater number of images than the required number was
significant only in the case of the error along the y axis (UAT vs. LKT). ANOVA analysis
confirmed a significant impact of axes and tractor types (plots) on the final value of RMSE.
Only the following differences did not differ significantly:

e xUAT vs. yUAT.
° xUAT vs. xLKT.
. zUAT vs. yUAT.
. zUAT vs. zLKT.
X - axis Y - axis Z - axis
45 W 240% 45 . W 240% 45 W 240%
40 W 69% 40 == M 69% 40 B 69%
35 B 200% 35 i W 200% 35 B 200%
— 30 — 30 — 30
£ £ £
E 25 E 25 E 25 .
@ 20 A 20 @ 20
s s _ s @
& 15 & 15 == & 15 Y

10 —F— 10 10 —
S * 3 - 5 = S

Figure 4. The RMSE values for x, y, and z axes and for individual plots, % represents recorded images
percentage from recommended number of images, x symbol represents the mean, horizontal line
median, vertical lines depict 1st and 4th quartiles, and boxes contain 2nd and 3rd quantiles divided
by median lines.
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3.2. Rut Depths

Shallow though visible ruts were created after passes of tractors at all three plots,
while no substantial bulges were observed. Average rut depths calculated from 40 random
values (upper and lower ruts together) from individual plots (tractors) increased with
the increasing number of passes, hence ruts deepened (Figure 5). The deepest ruts were
observed at the LKT plot, where the rut depth continuously increased with no substantial
fluctuations. The second deepest ruts were recorded at the HSM plot, where the greatest
change in rut depth was observed after the 10th pass. The shallowest ruts were observed at
the UAT plot. Interestingly, after the 1st pass, we recorded a negative rut depth probably
resulting from disrupting and loosening the surface layer of litter by tire treads during
the uphill passes and packing it during the downhill passes. A similar negative change
(decreased rut depth) was observed after 15th, 25th, and 35th passes at this plot. In all four
cases mentioned, the tractor was moving forward up the hill. However, only differences
between 15 vs. 20 passes and 25 vs. 30 passes were confirmed as statistically significant. At
HSM and LKT plots, the deepest ruts were observed after the last machine pass, while in
the case of the UAT plot it was after the 30th pass. However, this value was not significantly
different from the rut depth after the last pass.

Mean; Whiskers: Mean * 0.95 Confidence interval

0.06

0.05}

0.04 ¢

0.03

Rut depth (m)

001t

0.00

-0.01

1 5 10 15 20 25 30 35 40
Machine pass

Figure 5. Average depths of the ruts after subsequent passes at individual plots, squares represent
mean, whiskers show the mean + 0.95 confidence interval.

We used the average depths of the upper and lower ruts after the last 40th pass
(Table 6) to assess whether there were significant differences between them and between
individual plots.

Table 6. Average depths of ruts measured at individual plots after the 40th pass.

Lower Rut Depth Upper Rut Depth
Machi Transversal Slope  Soil Moisture (cm) (cm) A A
achine %) (%) (cm) (%)
X Sx X Sx
LKT 10 29.9 6.84 121 3.14 0.88 3.70 218
UAT 17 23.3 212 0.94 3.15 1.07 —1.03 67
HSM 1 344 3.56 1.09 428 1.01 —0.72 83

Note: x—average depth of rut; s;—standard deviation of the rut depth; A—depth of lower rut—depth of upper
rut; A (%)—percentual ratio of A from lower rut depth.

Final rut depths after all passes fluctuated between 2 and 7 cm (Figure 6), while the
differences were not large but statistically significant. The exception was the lower rut at
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the LKT plot, which was substantially deeper than the others. The statistical significance
of the impact of the plot and the rut type on the final rut depth was tested with ANOVA

(Table 7).
HSM LKT UAT
0.1 B Upper 0.1 B Upper 0.1 B Upper
0.09 B Lower 0-09 M Lover 0.09 B Lower
0.08 0.08 0.08
e 0.07 0.07 X 0.07
= 0.06 0.06 0.06
2 0.05 T 0.05 0.05
2 0.04 - 0.04 0.04 T
£ 0.03 0.03 0.03
0.02 l 0.02 0.02 —
0.01 0.01 o 0.01
0 0 0
Figure 6. Depths of upper vs. lower ruts after the 40th pass at individual plots, where: x—mean;
horizontal line—median; vertical lines depict 1st and 4th quartiles; boxes contain 2nd and 3rd
quantiles divided by median lines.
Table 7. ANOVA analysis of the rut depth (m), plot, and the rut type (upper vs. lower). Bold indicates
statistical significance.
Sum of Squares  Degrees of Freedom Mean Squares F p
Intercept 0.177732 1 0.177732 1649.166  0.000000
Rut 0.011134 2 0.005567 51.655 0.000000
Plot 0.001252 1 0.001252 11.618 0.000903
Rut*Plot 0.013973 2 0.006987 64.828 0.000000
Error 0.012286 114 0.000108
The statistical significance of the differences between individual groups was confirmed
with Tukey’s HSD test (Table 8).
Table 8. Tukey’s test of rut depths for machines (HSM, LKT, UAT) and rut types (upper, lower). Bold
indicates statistical significance.
Tukey “s HSD test; Variable Depth (m)
Approximate Likelihood of Post Hoc Tests
Error Between Groups: MS = 0.00011, DF = 114.00
Rut Plot {1} (0.03144) {2} (0.06837) {3} (0.03150) {4} (0.02118) {5} (0.04282) {6} (0.03559)
1 Upper LKT 0.000119 1.000000 0.026841 0.009589 0.803464
2 Lower LKT 0.000119 0.000119 0.000119 0.000119 0.000119
3 Upper UAT 1.000000 0.000119 0.025379 0.010192 0.813576
4 Lower UAT 0.026841 0.000119 0.025379 0.000119 0.000474
5 Upper HSM 0.009589 0.000119 0.010192 0.000119 0.245318
6 Lower HSM 0.803464 0.000119 0.813576 0.000474 0.245318

The largest and significant difference in rut depths (Figure 6) was recorded for LKT, for
which the depth of the lower rut was 218% of the upper one in the case of 10% transversal
slope (Table 3). In the case of UAT, the average depth of the lower rut was 67% of the
upper one, i.e., the upper rut was paradoxically deeper than the lower one at the highest
transversal slope from all plots. This difference was also significant. At the HSM plot, the
lower rut depth was 83% of the upper one (Figure 6), but the difference between them was
not significant.
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3.3. Soil Volume Changes

Absolute values of volume between the determined height level and the surface of the
plots after individual passes (Table 9) had a decreasing trend.

Table 9. Calculated volumes (m?) for individual plots and various passes of machines.

Pass 5 10 15 20 25 30 35 40

HSM 1.282 1.34 1.234 1.295 1.258 1.216 1.226 - 1.213
LKT 1.689 1.626 1.623 1.611 1.591 1.569 1.577 1.576 1.529
UAT 2.066 2.038 2.054 2.092 2.036 2.076 2.008 2.058 2.028

Absolute values of volume can be used only for monitoring of changes in volumes
after individual passes. Plots cannot be compared because they differed in size and the
volumes were calculated using different height levels. Due to this, we calculated volume
changes between individual passes of machines. Under the assumption that only the soil
surface affected by the machine chassis changed, while the other part of the plot remained
unchanged, we can compare the volume changes between the plots.

The final observed volume change, caused by the machine after 40 passes was 0.089 m3
for LKT, 0.038 m? for HSM, and 0.021 m> for UAT per 1 m of a track. The visualization
of surface changes at individual plots after 40 passes of individual tractors derived as a
difference between the rasters after the 40th pass and before passes for individual plots in
the Raster Calculator module of the QGIS program is shown in Figure 7.

HSM_diff
9 -0.2320
-0.0288
-0.0069
0.0072
. 0.2603

LKT_diff
B -0.1532
-0.0377
-0.0209
-0.0080
W 0.1046

UAT_diff
m -0.0925
-0.0183
-0.0049
0.0045
= 0.1006

Figure 7. The rasters calculated as differences between the 40th pass surface and surface before passes
(m) for individual plots.

The greatest volume change was recorded in the case of LKT, which was 421% of
the change under UAT. This was followed by HSM, under which the volume change
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was 182% of UAT. Volume changes between individual passes were usually negative, i.e.,
absolute values of volumes decreased after individual passes (Figure 8). At the HSM
plot, volume changes were large and least balanced with irregular alternations of positive
and negative values. This course resulted from the insufficient number of images and
interpolation of gaps when creating rasters using the SfM process. At the LKT plot, the
volume continually decreased after individual passes, and the changes were low and
balanced, while the volume changes were positive only in two cases, after the 5th and
30th passes. At the UAT plot, the volume changes were low, and positive and negative
values alternated. Negative changes were observed under even passes that were performed
backwards down the hill. On the contrary, positive changes indicating the increase in
volume were recorded after uneven passes performed forward and uphill. The only
exception was the 5th pass. The volume changes corresponded with rut depths.
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Figure 8. Volume changes after individual passes of the tractors. Blue color indicates an increase in
volume, while orange color indicates a decrease in volume. The first column represents the volume
before passes.
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3.4. Comparison of SfM and Manual Methods

Average values of volume changes after individual passes in comparison to the condi-
tion before passes and their ranges for SfM and manual methods are shown in Figure 9a.
Manually measured values were larger and had a greater range than those obtained by SfM.

0.20 0.16 5

Sk 0.14 ° - e

0.16 -

012 — et
o Mean . -
0.14 [1Mean = Std. dev. & e ° _,.»"’ °
0.12 T Mean +1.96 = Std. dev. 0.10 -
I - o -
0.10 008l -
0.08 E 7 ¥
E 006 o —
0.06 = el
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0.02 0.02

0.00 0.00 e SfM:Manual: y = 0.0628 + 1.1982x;

e r=0.5774; p = 0.0493; ° = 0.3334
-0.02 -0.02}
]
-0.04 _0.04
0.06 -0.03 -0.02 -0.01 0.00 001 002 0.03 004 005 0.06 0.07
SfM Manual sfm
(a) (b)

Figure 9. Average volume changes (m?3) calculated by SfM method and from manual measurements
(a) and the regression and correlation analysis between volume changes (m?) after individual passes
(blue circles) calculated from SfM vs. manual method (b). The dashed lines in the right picture
represent 95% confidence interval.

The regression and correlation analysis of volume changes (A) between the SfM and
manual methods confirmed their significant relationship (Figure 9b). Subsequently, the
differences between A changes derived using the two methods were calculated. The average
difference between the volumes derived using manual and SfM methods was 0.0653 m?,
which was significantly different from 0 (Table 10).

Table 10. t-test of the average difference between the SfM and manual methods against 0. Bold
indicates statistical significance.

Variable Mean Standard Deviation n Standard Error Reference t Degrees of Freedom p

Difference 0.06525 0.044903 12 0.012962 0.00 5.033778 11 0.000382

In the case of the size of the measured plot equal to 5.4 m?, the average difference
between the rut depths derived using the two methods was 1.2 cm, while the manual
method provided higher values.

4. Discussion
4.1. RMSE

The values of RMSE for the SfM method fluctuate from 0.516 to 0.803 cm if the scanned
area is 0.51 m? [14], or are below 10 mm if the plot is 9 m? large [26]. Our experiment
revealed that most RMSE were smaller than 10 mm, which corresponds with the above-
mentioned values considering the average size of the scanned plot equal to 5.3 m?. The
exceptions were the RMSE determined for the LKT plot (y axis) and for the HSM plot in
all directions due to the insufficient number of taken images. When creating the point
clouds, missing terrain values had to be interpolated, which increased the error mainly
along the z axis. Based on our results we can state that increasing the number of taken
images from the double to 2.5 times greater number than the recommended number did
not substantially increase the precision of georeferencing of GCP in the Agisoft software.
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4.2. Ruts

The average depths of ruts observed after the 40th pass fluctuated between 0.026 (UAT)
and 0.050 m (LKT). Such shallow ruts occurred due to the high amount of coarse rock
fragments in soil and low soil moisture. Another reason is the movement of empty skidders
without a load. The depth of ruts can be used as an indicator of soil compaction [27]. Ruts
with a depth of up to 10 cm reduce soil porosity by 7%. A methodology for evaluation of
soil damage caused during timber skidding [28] considers ruts with a depth less than 7 cm
as non-significant soil damage, and their occurrence is unlimited.

From the point of temporal development of rut depths after individual passes, we
found that the rut depth after the first 5 passes represented 10% (UAT) to 49% (LKT) of
the value after the 40th pass and did not stop increasing until the last measured pass.
The values correspond with the changes in rut depths determined by [29] and with the
changes in soil bulk density measured at the same plots [17], as well as with the values
presented by [30]. Several authors [31,32] report the greatest damage after approximately
the first 3-5 passes. In our case, the damage of soil surface (depth of the ruts) did not
reach its maximum after 5 passes, and further changes occurred after each pass until the
40th one. Under the maximum soil compaction, or penetration resistance, soil cannot be
pressed more, but ruts can be deepened with every single pass. The UAT plot was the
exception, where the course of rut depths was uneven and the maximum rut depth was
recorded after the 30th pass. Nevertheless, the overall trend was increasing. Different
authors [33-35] explain various impacts of up- or downhill rides of skidders or forwarders
on soil (change in soil bulk density, penetration resistance, rut depth) with different front
and rear axle loads at each ride. In our experiment, skidders were moving backwards
downhill, hence the weight was evenly distributed on the front and rear axles in both
uphill and downbhill passages. In addition, the differences between the uphill and downhill
movements were manifested only for UAT. This can be explained by the fact that only rear
wheels of UAT were driven. The tread of the rear wheels loosened the litter when driving
backwards (downbhill) and subsequently the front wheels, which were not driven, partially
suppressed (rolled) it. During the uphill ride, the front wheels passed first followed by the
rear ones. The differences between the impacts of driven and undriven wheels on soil and
the phenomenon of rut recovery in the case of driven wheels are discussed by Wong and
Damme et al. [36,37].

We expected greater depths of lower ruts due to the weight distribution of the skidders
on the transversal slope. This expectation was confirmed at the LKT plot. We consider this
was caused by a combination of transversal slope, by narrower tires of LKT compared with
the HSM, and probably also by local soil conditions.

The opposite result at the UAT plot can be explained by a low weight of the tractor
or other unknown factors, as well as by the local soil conditions in the upper rut (coarse
rock fragments, moisture, etc.). In the case of HSM, the machine moved at a plain, and the
difference in the depth between the ruts was below the calculated RMSE.

4.3. Volume

Volume changes due to the skidder passes were linked to changes in rut depths. Hence,
as the rut depth increased, the terrain surface decreased and absolute values of volume
calculated at individual plots had a decreasing tendency. Marra et al. [33] report the volume
of soil erosion equal to 0.074 m® per 1 m of a skidding track after 42 passes in the case of
a skidder transporting wood, and 0.017 m® per 1 m of a skidding track for a forwarder.
We revealed similar values of soil volume reduction in spite of the fact that the rides were
performed without a load. This can be explained by the fact that in our case we observed
soil compaction without bulges, while the cited authors showed high volume of bulges. A
similar result of 0.063 m> per 1 m of track after 6 passes of a skidder with a load is presented
by [8]. On the contrary, Pierzchala et al. [15] recorded soil erosion between 0.404 and
0.437 m® per 1 m of track on the moraine terrain in Norway after the traffic of a forwarder
with load.
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4.4. Comparison of SfM and Manual Methods

The manual method is the simplest approach of rut depth measurements. It is cheap,
it is not time-demanding, does not require any special knowledge and experience to work
with a special software. In addition, the method is not sensitive to measurement conditions,
and data processing and analysis can be performed quickly. In our experiment, data
measurements after one pass (two measured profiles) lasted approximately 5 min, and data
processing from all passes at one plot took around 2 h. The disadvantage of the method
is a small amount of data recorded per time unit, lower spatial resolution because data
are measured at a small number of vertical profiles and subsequently extrapolated to the
whole plot. This approach may distort the results because the method does not capture
surface changes outside the measured profiles. In addition, there is a limited possibility of
further analyses and a graphical presentation of such data.

Considering the plot size of approximately 6 m?, the SfM method under the simplest
configuration does not require any special equipment for field measurements. It is sufficient
to have a common digital camera, a device for its transmission (a rod, or a tripod), and a
measuring tape for preliminary measurements of GCP. The advantage of this method is
that it collects the data from the whole plot and captures the changes in the entire surface,
while its resolution is selectable and depends on the resolution of the camera sensor, the
shooting height above the ground, the number of images per plot + the overlapping rate.
In our experiment, it took about 4-5 min to scan the entire area with a 3-s-long shooting
interval, depending on the number of images. Laboratory processing can be performed with
commercial or freely available programs [15], but the programs require some knowledge,
and data processing, and creation of point clouds requires more time. Image alignment,
georeferencing, and creation of a dense point cloud from one set of images in the Agisoft
program lasted approximately 2 h. This time can be reduced using GCP for automatic
alignment of images together with their manual positioning in the field [33]. The higher
time required to create a dense point cloud can be considered the biggest disadvantage
of this method. A great advantage is the possibility of using the created point clouds
for various subsequent analyses and for the creation of graphical outputs in different
software programs, which were also used in this work. A limiting factor of this method
is its sensitivity to the lack of light, due to which images may be blurred or errors may
occur because of water or vegetation cover in terrain depressions. In such cases, the StM
method assumes the water level or vegetation surface is the terrain surface, which distorts
measurement results [15].

Our results revealed a correlation between the outputs from the two methods. We
assume that the height difference between the methods was caused by the applied ap-
proaches. The SfM method scans and measures the terrain surface contactlessly, while
during manual measurements a slight compaction of the upper litter layer occurs. Hence,
rut depths measured manually were significantly greater than those derived using the
SfM method.

5. Conclusions

The close-range SfM photogrammetry is a very suitable method for the assessment of
terrain surface changes after skidder passes at plots of around 6 m?. Dense point clouds
can be created also if the number of images is lower than the recommended amount. If the
number of images decreases and reaches values below the suggested number, there is a risk
that the software will not be able to align images and the RMSE values of georeferencing
will increase. A higher number of images creates safety reserves for multiple coverage of
the experimental plot with images and allows a less accurate tracking of camera positions.
If some spots are accidentally missed, the information can be obtained from overlaps of
other images, which will enable the creation of the point cloud and subsequently of the 3D
surface model. Increasing the number of taken images above the recommended values will
not substantially increase the accuracy of georeferencing of point clouds and will increase
the time required for its creation.
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The ruts created by forest machine passages can be considered as indicators of forest
stand damage after timber felling and skidding even without the measuring equipment.
Based on their depths and dimensions, expected erosion and compaction rates can be
determined, damage levels of various stands can be compared, and the impact of different
technologies on forest soil can be quantified.

Within our experiment, we found relatively shallow ruts and small soil volume loss
after 40 passes. These results support the usage of wider tires and performing harvesting
operations in drier seasons (or frozen soil) under similar site conditions. Another significant
factor reducing the damage of soil surface is its bearing capacity affected by its structure
and proportion of coarse rock fragments.

The comparison of the SfM photogrammetry with the manual method confirmed the
comparability of the obtained output. The photogrammetry allows the collection of a much
larger amount of data per time unit, captures the terrain surface in detail and provides
much wider possibilities for data analysis and a graphical presentation of results. Its
disadvantages include higher time demands for data processing, knowledge requirements
for working with the relevant software, and physical limitations resulting from the very
nature of the method (insufficient light conditions, water in terrain depressions).
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